Paramagnetic endohedral fullerenes with long spin coherence times, such as N@C 60 and Y@C 82 , are being explored as potential spin quantum bits (qubits). Their use for quantum information processing requires a way to hold them in fixed spatial arrangements. Here we report the synthesis of a porphyrin-based two-site receptor 1, offering a rigid structure that binds spin-active fullerenes (Y@C 82 ) at a center-to-center distance of 5.0 nm, predicted from molecular simulations. The spin−spin dipolar coupling was measured with the pulsed EPR spectroscopy technique of double electron electron resonance and analyzed to give a distance of 4.87 nm with a small distribution of distances.
S pin-active endohedral fullerenes such as N@C 60 and Y@ C 82 possess exceptionally long phase memory times (T m ), which characterize the lifetime of spin coherence: as long as 80 μs at room temperature and over 200 μs at low temperature (<200 K). 1 These long times have led to their study as potential molecular electron spin quantum bits (qubits), using them to store and potentially process quantum information, 2 or as spin labels. 3 Both applications require the ability to accurately position such endohedral fullerenes with respect to each other to achieve a well-defined spin−spin coupling, or within some larger molecule to serve as a label. A promising approach is to use noncovalent interactions and generate receptors that can bind endohedral fullerenes and place them at fixed distances. 4 Such an approach offers the flexibility to be applied to a variety of fullerene species regardless of their chemical stability, unlike covalent attachment chemistry. 2e,5 Noncovalent binding causes less disruption of the environment of the spin and therefore maintains the long coherence time. 5 Porphyrins are well-known to interact favorably with fullerenes through a combination of π−π and van der Waals interactions. 6 These interactions have been exploited in the design of porphyrin-based receptors incorporating two or more porphyrins. 7, 8 Here we report the synthesis of a porphyrin-based receptor for fullerenes, containing two independent binding sites within a rigid framework ( Figure 1 ). Receptor 1 binds two spin-active fullerenes (Y@C 82 ) placing them at a distance of 5.0 nm as shown by molecular modeling. We demonstrate that this distance is consistent with the dipole−dipole coupling of two bound Y@C 82 measured by the pulsed EPR technique of double electron electron resonance (DEER), also known as PELDOR, 9 which measures the dipolar coupling between proximal spins as a modulation on the detected spin−echo intensity. Because the anisotropy in both the g-tensor and hyperfine coupling tensor is small for the Y@C 82 , distances may be extracted using methods developed for nitroxide spin labels, assuming no significant orientation selection is present. 10 This analysis assumes the excitation bandwidth of the pulses exceeds the dipole−dipole coupling frequency, a condition that will be met with the predicted 5.0 nm distance separation and available pulse lengths. 10b, 11 In designing a rigid porphyrin-based host that can encapsulate fullerenes, we decided to construct a receptor with two independent binding sites connected through a rigid linker. We previously reported a receptor that utilizes a cyclic Zn-porphyrin trimer in which three porphyrins are preorganized to chelate to the same fullerene guest, displaying high affinity and selectivity for the larger fullerenes (K a > 10 9 M −1 for La@C 82 in toluene). 8a Zn-porphyrins can be expected to produce purely noncovalent interactions between the highly polarizable fullerenes and the metalloporphyrins. 12 In contrast, other metals such as Co(II) or Rh(III) produce strong polarized complexes that might affect the spin environment of the endohedral fullerene. 6c As a proof of concept, the simplest system of coupling two endohedral fullerene spins was investigated. Hence, the requirement for incorporation of two fullerene binding hosts, inspired by our previous fullerene host, connected by a rigid linker led to the design of receptor 1 (Scheme 1). The spacer connecting both porphyrin trimers was chosen to give a rigid structure, which could favor alignment in a suitable matrix, such as a nematic liquid crystal. The design of 1 features a central butadiyne link so that efficient alkyne homocoupling could be used in the final step to connect both binding sites (Scheme 1). Y@C 82 was selected as the spin-active fullerene, as it has a single unpaired electron making the EPR data analysis easier. By using the endohedral fullerene Y@C 82 , receptor 1 is effectively "spin labeled" with the S = 1/2 Y atoms. Dipole− dipole coupling is thus expected between the Y@C 82 with a strength that follows the inverse cube of the interspin separation, and is also a function of the angle the interspin vector makes with the applied field. 9−11,13 Molecular mechanics calculations, performed by employing a MM+ force field using the HyperChem8 software (see Supporting Information) showed that the distance between the C 82 centroids of bound fullerenes within receptor 1 is 5.0 nm (Figure 1 ). Porphyrin receptor 1 was synthesized by palladium-catalyzed homocoupling of cyclic porphyrin trimer 2 (Scheme 1). The cyclic porphyrin trimer 3 was prepared by Sonogashira coupling of the alkyne-terminated linear porphyrin trimer 4 8a and the 4,5-diiodophthalimide 5, followed by removal of the TMS group to give cyclic porphyrin trimer 2. Compound 5 was obtained by condensation of 4,5-diiodophthalimide anhydride 6 14 with p-(2-trimethylsilylethynyl)aniline 7. 15 The 1 H NMR spectrum of the cyclic porphyrin trimer 1 confirms its C 2v symmetry. Its purity and identity were established by 1 H NMR, 13 C NMR, 1 H− 1 H NOESY, GPC, MALDI-TOF MS, and UV−vis spectroscopy (see Supporting Information).
The rigid phthalimide-containing linker between the two independent binding sites should generate a system capable of binding fullerenes at a fixed distance in a noncooperative manner with high affinity. UV/vis/NIR titrations provided insight into the self-assembly process. Changes in the Titration of 1 with Y@C 82 gave an abrupt end-point at two equivalents of Y@C 82 , thus demonstrating the formation of the (Y@C 82 ) 2 ·1 complex but the binding curve was too square to provide a measure of the binding constants (see Supporting Information). A modified Job's plot obtained using the continuous variation method 16 displayed a maximum at molar fraction X A = 0.33 (Figure 2b ) confirming that the 1:Y@C 82 stoichiometry is ca. 1:2.
In order to prepare an optimal sample for measuring dipole− dipole coupling between the bound Y@C 82 by DEER, the system was modeled considering three criteria: (a) larger guest to host ratios increase the double-filled receptor species over single-filled or empty receptor species; (b) lower concentrations of 1 decrease spin−spin relaxation effects; (c) DEER will work optimally with approximately complete binding of available Y@C 82 and complete filling of the receptor sites. From simulations obtained using the modeling program HySS 2009, it was found that [1] = 10 −6 M offers a good compromise between keeping the concentration low, to minimize spin−spin relaxation effects, while still affording 96% of the double bound species (Y@C 82 ) 2 ·1 when just two equivalents of Y@C 82 are present (see Supporting Information). 17 A sample containing 1 μM (Y@C 82 ) 2 ·1 prepared in deuterated toluene was used for all pulsed EPR measurements on the frozen solution. Fullerene Y@C 82 was used as a mixture of isomers. 18 Deuterated toluene was used because it has previously been shown to significantly increase the T m time of Y@C 82 . 1b We found that the T m of the bound Y@C 82 is of the order of 2 μs in the 20−60 K temperature range, and that no signal from unbound Y@C 82 is detectable (see Supporting Information for details). Furthermore, the T m remains about the same in the temperature range 20−60 K, whereas the T m of Y@C 82 in deuterated toluene in the same temperature range varies from 20 to 90 μs. 1b These changes indicate complete binding. The dramatic reduction in T m upon binding the fullerene is likely due to the spectral diffusion with 1 H nuclear spins in the porphyrin cage, and this is consistent with the measured T m of 6 μs for Y@C 82 in protonated toluene. 1b Our results highlight the importance of removing all protons and other sources that may decrease the T m of the spin: this could be explored using a deuterated form of 1; however, the nitrogen nuclear spin of the porphyrin as well as spectral and/or instantaneous diffusions processes driven by the dipole−dipole interactions could nevertheless influence T m .
DEER was used to directly measure the dipole−dipole coupling between the electron spin centers to investigate whether (Y@C 82 ) 2 ·1 has the structure predicted from molecular modeling and confirm two-site binding. At X-band frequencies (9−10 GHz), the observed dipolar frequency matches the oscillation frequency present in the three-pulse electron spin echo envelope modulation (ESEEM) experiment (see Supporting Information). Therefore, we could not be certain that this signal was not being measured by DEER. However, in contrast to the dipolar coupling frequency, the nuclear spin frequencies depend strongly on the magnetic field and on the operating microwave frequency. We therefore measured DEER at Q-band (34 GHz), as well as X-band, to show that the DEER modulations are due to field independent dipole−dipole coupling. The results are shown in Figure 3 : the main distance peak has a mean of 4.87 nm and a standard deviation of 0.03 nm. The mean distance corresponds very well with the molecular modeling centroid−centroid distance despite the asymmetry of the C 82 cage and presumed spin- delocalization onto the fullerene (Figure 1 ). The modulations on the time traces are indicative of narrow distance distributions. The restriction on the length of the DEER data that was imposed by the T m precludes an accurate measurement of the width of the distribution and the 0.03 nm presented here is an upper limit (see Supporting Information). The narrow distance distributions and the near coincidence of the experimentally obtained distance with the centroid− centroid distance from the molecular modeling for the asymmetric Y@C 82 suggest that the fullerene is either rapidly tumbling within the porphyrin trimers in the frozen solution, or is localized with respect to the porphyrin trimers. Given that the molecular rotations would need to be on a time scale that allows averaging of the dipole−dipole coupling but not of the hyperfine anisotropy, we conclude that the Y@C 82 spin is fixed in place. We note that the modulation depth of the DEER signal was smaller than expected given the broad level of excitation of the absorption signal, and that all other indicators point to near complete double filling of receptor 1. The dipole−dipole coupling that DEER measures relies on interspin distances and the orientation of the spin−spin vector with respect to the magnetic field. 13 Orientation-selection could be responsible for the decrease in modulation depth and the apparent small distribution in distances. However, we could not detect any appreciable orientation-selection at Q-band (see Supporting Information). The, as yet, unexplained observation of reduced modulation depth may be due to pulse overlap from the pump and observer frequencies for DEER in the narrow Y@C 82 absorption spectrum, or other diffusion mechanisms.
In conclusion, we have synthesized a receptor for fullerenes containing two independent binding sites connected by a rigid linker. We have prepared a double-filled receptor containing two Y@C 82 fullerenes. The spin systems are separated by a distance of 5.0 nm according to molecular modeling. We have used DEER at X-and Q-band to show that the dipolar coupling strength matches that distance very well. To our knowledge, this is the first demonstration of DEER with any endohedral fullerene. The narrow distance distribution indicates that 1 could be useful for applications requiring spin entanglement. The short phase memory time of the electron spin observed in the bound Y@C 82 may be significantly reduced by removing the protons or exchanging them with deuterons. The supramolecular receptor 1 (Scheme 1) presented here opens the way for future work on a bottom-up approach to arrays of coupled endohedral fullerene spins. 
